Domain structures of spin-coated immiscible poly(methyl methacrylate) (PMMA) and ultraviolet (UV) curable poly(urethane acrylate) (PUA) blends were studied using atomic force microscopy (AFM). Spin casting the PMMA/PUA blends in propylene glycol monomethyl ether acetate (PGMEA) was accompanied with phase separation, and PUA was subsequently cross-linked under UV radiation. Selective dissolution of PMMA in the phase-separated films was feasible using tetrahydrofuran (THF) solvent after the UV curing process, because the cured PUA material is highly stable against THF. Morphology of phase-separated structure, including domain size and height, could be controlled by varying total concentration of the blended solution, and various nanoscale features such as island-like and hole-like structures were achieved by changing weight ratio of the two immiscible polymers.
Introduction
Morphological control of immiscible polymer blends has been widely studied in regard to phase geometry and dimensions, which can lead to many practical applications [1] [2] [3] [4] [5] . Particularly, it is well known that domain structures and surface topography strongly depend on various polymer interactions (i.e., polymer-polymer and polymer-surface interactions) in the blended films, and the relative solubility of polymers in a common solvent can play a crucial role in determination of surface morphology [6] . Previous study also showed that surface structures of the blended films of polystyrene (PS) and poly(methyl methacrylate) (PMMA) are remarkably changed by varying the film thickness [7] . Spin-coating is a simple method for fabricating thin polymer films, which facilitates precise and easy control of film thickness by rotational velocity and concentration of polymer solution [8, 9] . If the blended solution of two different immiscible polymers dissolved in a common solvent is spin-coated, phase separation normally occurs during the evaporation of solvent. Extensive efforts have been devoted to study immiscible polymer blends to unveil the detailed mechanism of phase separation involved in spin-coating [10] [11] [12] [13] [14] . In addition, selective dissolution of one component in phaseseparated polymer blends provides important advantages for easy fabrication of micro-or nanosized patterns which are widely used in application fields [15, 16] . However, various interactions, such as polymer-polymer and polymer-surface interactions, cause complexity and difficulty in control of the selective dissolution and fabrication of desired structures.
Here we present a binary immiscible polymer-blended system with high stability which enables complete selective dissolution of one component. For this work, PMMA and ultraviolet (UV) curable poly(urethane acrylate) (PUA) were used [17] [18] [19] , and the phase separation of PMMA/PUA blend was well-driven via solvent evaporation. Morphological changes in the PMMA/PUA blended film according to total concentration and weight ratio of the blended solution were investigated using atomic force microscopy (AFM). Selective dissolution of PMMA in the phase-separated films was feasible using tetrahydrofuran (THF) solvent after the UV curing process, because the cured PUA material is highly stable against THF. Morphology of phase-separated structure, including domain size and height, could be controlled by varying total concentration of the blended solution, and various nanoscale features such as island-like and holelike structures were achieved by changing weight ratio of the two immiscible polymers. These results strongly suggest great potential for various applications in the field of soft lithography, such as antireflection layers, polymer membranes, artificial superhydrophobic surfaces, and nanopatterned structures.
Materials and Methods
PMMA (Mn = 11,500 g/mol, Mw/Mn = 1.08, Polymer Source Inc.) was used as received, and the UV curable PUA mixture was synthesized in accordance with the previous reports [17] . The molecular weight of PUA could be altered by adjusting a molecular weight of a functionalized prepolymer with acrylate group, and PUA with a similar molecular weight to PMMA (Mn = 11,500 g/mol) was used for this work. Propylene glycol monomethyl ether acetate (PGMEA) was selected for a common solvent for the immiscible polymer blend of PMMA and PUA. The polymer-blended solutions with different concentrations were prepared to evaluate the effects. The blend with 15 wt% PUA and 15 wt% PMMA was used to demonstrate the complete selective dissolution of PMMA. The effects of total concentration with the same weight ratio of PMMA : PUA (35 : 65) were examined using three solutions: (i) 7 g of 10 wt% PMMA mixed with 13 g of 10 wt% PUA, (ii) 7 g of 15 wt% PMMA mixed with 13 g of 15 wt% PUA, and (iii) 7 g of 20 wt% PMMA mixed with 13 g of 20 wt% PUA, respectively. The PMMA/PUA blends with different weight ratios of PMMA : PUA (3 : 7, 4 : 6, and 5 : 5, resp.) were also prepared by mixing 12 wt% of PMMA and PUA for further evaluation of the mixing effects. Prior to spin-coating of the solutions, silicon (Si) wafer substrates were cleaned by successive sonication in trichloroethylene, acetone, and isopropyl alcohol for 5 min each. The polymer-blended solutions were then individually spin-coated at 3000 rpm for 30 s onto the prepared Si substrates. For selective dissolution of PMMA, the spin-coated film was dipped into tetrahydrofuran (THF) for 1 min after being exposed to UV light at ∼365 nm (with a power of 4 W) for 40 s, and the film was then rinsed with deionized water and dried by blowing with N 2 . Note that the UV curing process was performed in the argon purged glove box, because oxygen plays a role as an inhibitor to photoinitiators. The surface morphology of each sample was analyzed by atomic force microscopy (Digital Instrument Dimension 3100) in the tapping mode, and the film thicknesses were measured using reflectometer (Nanospec, K-MAC).
Results and Discussion
Phase separation and selective dissolution in the PMMA/ PUA blend are schematically illustrated in Figure 1 PUA mixture consists of functionalized prepolymer with acrylate group, photoinitiator, and releasing agent for the surface activity, and the UV curing process induces crosslinking in the PUA mixture [17, 18] . Thus the cured PUA mixture is chemically stable against the THF treatment compared to noncured PUA and also shows high durability at high temperature (∼300 ∘ C). As illustrated in Figure 1 , the cross-linked PUA domains remain even after dissolving the blended film in THF, whereas the PMMA domains are completely dissolved in THF. It is worth noting that the noncured PUA domains are also well-dissolved in THF. These results indicate that target materials for dissolution can be selectively available via a simple UV curing process. Figure 2 (a) are corresponding to PMMA and PUA, respectively. Phase separation in spin-coated films is normally explained by various mechanisms, such as polymer-surface interactions, surface energy differences between polymers, and fast solvent evaporation of one component in polymer blends [20, 21] . In consideration of thermodynamic behaviors, PUA material would move to the air-polymer interface to minimize interfacial free energy, because PUA has a lower surface tension than PMMA (i.e., 26 mN/m for PUA and 42 mN/m for PMMA). However, in this work, PUA mostly remains at the polymersubstrate interface, which possibly originates from spinodal decomposition due to the differences of solvent evaporation rate for each polymer and polymer solubility in the common solvent. PGMEA is a better solvent for PUA compared to PMMA, and thus the PUA-rich domains contain more PGMEA than the PMMA domains. As the solvent evaporates during spin-coating, PGMEA in PMMA drains away prior to the PUA domains which are still swollen with PGMEA. Consequently, the solvent in PMMA is quickly depleted in the spin-coating process, which leads to elevation of the PMMA domains onto the PUA-rich domains. Figure 2(b) shows the cured PUA domains remaining after the THF treatment. The bright region in Figure 2 (b) corresponds to the PUA domains dispersed on the substrate after spin-coating. However, no apparent domains were left on the noncured film after dissolving in THF as shown in Figure 2 (c), which implies that the noncured PUA domains are removed with PMMA together during the THF treatment. Although the solubility of PUA in THF is relatively low, the noncured PUA can be dissolved in THF due to the polymer interactions between PUA and PMMA [12] .
The film thickness of each sample was measured using reflectometer, as indicated in the insets of Figure 2 . Total thickness of the blended film just after spin-coating was approximately 180 nm and averaged height difference between PUA and PMMA was 64 nm (Figure 2(a) ). After selective PMMA dissolution, the remaining film thickness was ∼106 nm (Figure 2(b) ). The Si substrate was exposed to the air after the selective dissolution as shown in Figure 2(d) , and averaged height of the cured PUA domains was ∼170 nm. The height of the cured PUA domains was almost the same as the total thickness of the blended film, implying that PUA and PMMA are phase-separated on the substrate as illustrated in Figure 1(b) . Note that the substrate exposure induced from the selective dissolution without additional etching process can be applied to further applications, such as antireflection layers.
Morphology of the PMMA/PUA blend, including domain size and height, can be varied with the total concentration of solution. Three different total concentrations with the same weight ratio of PMMA : PUA (35 : 65) were used to evaluate the effects of total concentration (see Section 2). Figure 3 shows the morphological change as the total PMMA/PUA concentration increases. Averaged height differences between the cured PUA domains and the PMMA domains before the THF treatments were ∼35 nm, ∼72 nm, and ∼157 nm for the 10 wt%, 15 wt%, and 20 wt% blended solutions, respectively (Figures 3(a)-3(c) ). After the THF treatments, the heights of the cured PUA were found to be ∼61 nm (for 10 wt%), ∼119 nm (for 15 wt%), and ∼170 nm (for 20 wt%), respectively (Figures 3(d)-3(f) ). These results indicate that both PMMA and PUA heights increase as the total concentration of the blend increases. In addition, the PMMA/PUA blends with different weight ratios of PMMA : PUA were also examined for further evaluation of the mixing effects (see Section 2) . Figure 4 Journal of Nanomaterials shows morphology of the PMMA/PUA blended films with different weight ratios of PMMA : PUA (3 : 7, 4 : 6, and 5 : 5 in the 12 wt% solutions). Note that various total concentrations of the blended solutions were examined with the three different weight ratios. Although the blends with the varied concentrations showed similar tendencies according to the weight ratios, the 12 wt% solution most specifically revealed morphological changes in the blended films. Island-like features with the diameter of ∼600 nm were clearly observed when the PMMA mass fraction ( ) was 0.3 (i.e., PMMA/PUA = 30/70) as shown in Figure 4 (a), and the size of island-like features became larger as the value of increased. When the value of increased up to ∼0.4, the island-like PMMA features were finally connected to each other and formed larger domains (Figure 4(b) ). Island-like features completely disappeared at = 0.5, and hole-like features with the diameter of ∼500 nm were rather found as shown in Figure 4 (c). The hole diameter decreased to ∼100 nm as the value of increased up to ∼0.6. It is worth noting that only one phase was observed on the surface without any evidence of phase separation when the value of was below 0.2 or above 0.8, due to the excess amount of one component in the blends. These results imply that morphology of phase-separated structure with varied features can be easily controlled by changing composition of the blends.
Conclusions
Spin-coated immiscible PMMA and UV curable PUA blends are phase-separated owing to the differences of solvent evaporation rate for each polymer and polymer solubility in the common solvent. The cross-linked PUA in the polymer-blended films provides strong chemical stability in the solvents such as THF, and thus target materials for dissolution can be selectively available via a simple curing process. The substrate exposure after film deposition also can be achieved by the selective dissolution without additional etching process, which may lead to further applications such as antireflection layers. In addition, morphology of the PMMA/PUA blends can be easily controlled by changing composition (i.e., total concentration and weight ratio) of the blends. The morphological controls include domain size, height, and nanoscale features such as island-like and holelike structures. We anticipate that these controllable structures originating from the phase separation will be applied to various engineering fields such as soft lithography.
